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INDEX IDENTIFICATION METHOD AND 
APPARATUS 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
The present invention relates to a technique for detecting 

and identifying an index located in physical space from an 
image obtained by sensing the physical space. 

2. Description of the Related Art 
Prior Art 1 
For example, a mixed reality (MR) system that combines 

and displays physical and virtual space requires position and 
orientation measurement of an image sensing unit (to be also 
referred to as a camera hereinafter) that senses an image of 
physical space. Conventionally, upon measuring the position 
and orientation of the image sensing unit by a position and 
orientation sensor, there is a known technique for correcting 
the measurement result using indices (for example, objects 
having specific shapes and colors) which are located in 
advance in the physical space and whose positions are known 
(see Japanese Patent Laid-Open No. 11-084307, Japanese 
Patent Laid-OpenNo. 2000-041173, and A. State, G. Hirota, 
D. T. Chen, B. Garrett, and M. Livingston: Superior aug 
mented reality registration by integrating landmark tracking 
and magnetic tracking, Proc. SIGGRAPH '96, pp. 429-438, 
July 1996). 

In other words, these methods estimate the position and 
orientation of the camera using a position and orientation 
sensor that measures the position and orientation of the cam 
era and an image of indices sensed by the camera. As indices 
used in such methods, the barycenter of a region of a specific 
color, a concentric circle, and the like are known. Since a 
plurality of indices are often used simultaneously, the corre 
spondence between the indices detected from the image 
sensed by the camera (to be referred to as detected indices 
hereinafter) and the plurality of indices located on the physi 
cal space must be identified. As one of the conventional index 
identification methods, it is known to use the relationship 
between: 

the estimated coordinates of an index on an image (image 
sensing) plane, which are obtained from a projection 
calculation based on the known absolute position of the 
index and the measurement value of the position and 
orientation sensor, and 

the image coordinates of the index actually detected from 
the image. 

Prior Art 2 
On the other hand, as disclosed in: 

Kato, Billinghurst, Asano, and Tachibana: Augmented Real 
ity System and its Calibration based on Marker Tracking, 
Transactions of the Virtual Reality Society of Japan Vol. 4, 
no. 4, pp. 607-616, December 1999; 

X. Zhang, S. Fronz, and N. Navab: Visual marker detection 
and decoding in AR systems: A comparative study, Proc. of 
International Symposium on Mixed and Augmented Real 
ity (ISMAR'02), 2002; and 

Junichi Rekimoto, “Matrix: A Realtime Object Identification 
and Registration Method for Augmented Reality”. Proc. of 
Asia Pacific Computer Human Interaction (APCHI '98), 
1998, 

a method of estimating the position and orientation of the 
camera using only an image of indices sensed by the camera 
without using any position and orientation sensors is known. 
These references use a square index and measure (estimate) 
the position and orientation of the camera based on the coor 
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2 
dinates of the four vertices of the square. However, since a 
square has rotational symmetry for every 90° with respect to 
an axis that passes through its center (the intersection of the 
diagonal lines) and is perpendicular to its plane as a rotation 
axis, the directionality of each index cannot be discriminated 
from only the vertex coordinates in the image. For this reason, 
another feature (e.g., a directional pattern) used to discrimi 
nate the directionality of the index is provided in the index. 
Furthermore, when a plurality of indices are used, since they 
need to be identified based only on the image sensed by the 
camera, graphic information Such as unique patterns, sym 
bols, or the like, which are different for respective indices, is 
embedded in each index. 

Prior Art 3 
When the camera position and orientation estimation 

method of prior art 1 uses a dot marker or concentric circle 
marker as an index, the information of one index is only one 
coordinate value. For this reason, the geometric information 
Volume is Small, and a method of simultaneously using a 
plurality of indices is adopted. 
As described above, when a plurality of indices are used 

simultaneously, a method of identifying the correspondence 
between the sensed detected indices and those which are 
located in physical space must be devised. Especially, if the 
image features (features such as colors, shapes, and the like, 
which can be identified by image processing) of the indices 
are the same or have Small differences, and a large number of 
indices exist, misidentification is likely to occur. 
On the other hand, the square index used in prior art 2 must 

be embedded with code information unique to a marker or 
information which serves as a template so as to identify the 
upper, lower, left, and right directions. Since the index having 
such a complicated structure must be detected from the 
image, it cannot be identified as long as the index occupies a 
Sufficiently large area in the sensed image plane. 

In order to solve the aforementioned problems, such as 
misidentification due to the small information volume per 
index of prior art 1 and restrictions on the location conditions 
due to the complexity of the index of prior art 2, the following 
method may be adopted. 
When indices of an identical type having directionality are 

located in physical space like in prior art 2, the directionality 
of each detected index on the image plane is compared with 
the estimated directionality of each index on the image plane, 
which is obtained by making a projection calculation using 
the position and orientation sensor. As a result, each index can 
be identified more simply and stably than in the prior art. 

For example, as shown in FIG. 7, the directionality of an 
index 202A, which is obtained by a projection calculation 
using the position and orientation sensor, is compared with 
the directionalities of indices 201A and 201B on the image, 
which become candidates detected from the sensed image. In 
the example of FIG. 7, it is determined that the index 201A 
having the closer directionality corresponds to the index 
202A. With this method, the index size can be reduced com 
pared to that of prior art 2 and the restrictions on the location 
conditions can be relaxed even though an index having a 
larger information Volume than prior art 1 is used. 
The method of prior art 2 compares directionalities by 

projecting an index at a position on the image, which is 
calculated based on the value of the position and orientation 
sensor attached to the camera, and the absolute coordinates of 
the index, which are registered in advance. For this reason, 
there are restrictions as to the locations of a plurality of 
indices which may be sensed at the same time so that they may 
have different directionalities. 
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For example, when once index each is located on the floor 
and wall, as shown in FIG. 3, since indices 201A and 201B 
located on the floor and wall, respectively, have the same 
directionality in the sensed image, they may be misidentified 
depending on errors of the position and orientation sensor. 
For this reason, in order to avoid such locations, the direc 
tionality of either index must be changed. 

That is, the method of prior art 3 has the limitation that 
when a plurality of indices are sensed close to each other, they 
must be located to allow sensing with different directionali 
ties. In this case, even when indices are located on Surfaces 
having different slopes in physical space as in the example of 
FIG. 3, a case wherein their directionalities are hard to dis 
tinguish on the sensed image must be taken into consider 
ation. 

Especially, when a large number of indices are located in a 
Small region having a plurality of inclined Surfaces (the floor 
and wall, or a solid body having a large number of inclined 
Surfaces) densely, it is not easy to locate them in consideration 
of the directionalities upon image sensing. For this reason, the 
number of indices which can be located in a region where they 
are likely to be sensed at the same time is limited. 
Assume that an index 201A is located on the wall, and 

printed matter 601 is located on the wall side, as shown in 
FIG. 5. In such a situation, a partial region of the printed 
matter 601 on the wall may be erroneously detected as a 
detected index 602 due to factors such as cameranoise and the 
like. In the sensed image shown in FIG. 5, the index 201A is 
not detected as an index, since it is cut at the end of the sensed 
image. As a result, when the directionality of a projected 
image 202A of the index 201A calculated by projection is 
similar to that of the erroneously detected index 602 on the 
image, the detected index 602 is misidentified as the index 
201A. In this way, conventionally, the detected index 602, 
which is erroneously detected on the inclined surface differ 
ent from an actual index, is misidentified. 

SUMMARY OF THE INVENTION 

The present invention has as its principal object to solve 
these conventional problems, and to provide an index identi 
fication method and apparatus which can identify an index 
with high precision. 

According to an aspect of the present invention, there is 
provided an index identification method comprising: an 
image acquisition step of acquiring a sensed image obtained 
by sensing an image of a physical space in which a plurality 
of indices are located on a physical object; an index detection 
step of detecting at least one index from the sensed image; a 
first orientation estimation step of estimating an orientation of 
the detected index using the sensed image; an orientation 
information acquisition step of acquiring a measurement 
result of an orientation of at least one of an image sensing 
device used to sense the image and the physical object; a 
second orientation estimation step of estimating an orienta 
tion of at least one index based on the orientation measure 
ment result of at least one of the image sensing device and the 
physical object acquired in the orientation information acqui 
sition step, and information on the plurality of indices stored 
in a storage device; and an index identification step of iden 
tifying to which of the indices stored in the storage device the 
detected index corresponds using at least the orientation of 
the index estimated in the first orientation estimation step and 
the orientation estimated in the second orientation estimation 
step. 

According to another aspect of the present invention, there 
is provided an index identification method comprising: an 
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4 
image acquisition step of acquiring a sensed image obtained 
by sensing an image of a physical space in which a plurality 
of indices are located on a physical object; an index detection 
step of detecting at least one index from the sensed image; a 
first orientation estimation step of estimating an orientation of 
the detected index using the sensed image; an orientation 
information acquisition step of acquiring a measurement 
result of an orientation of an image sensing device used to 
sense the image; a second orientation estimation step of esti 
mating an orientation of at least one index based on the 
orientation measurement result of the image sensing device 
acquired in the orientation information acquisition step, and 
information on the plurality of indices stored in a storage 
device; and an index identification step of identifying to 
which of the indices stored in the storage device the detected 
index corresponds using at least the orientation of the index 
estimated in the first orientation estimation step and the ori 
entation estimated in the second orientation estimation step. 

According to a further aspect of the present invention, there 
is provided an index identification apparatus comprising: an 
image acquisition unit which acquires a sensed image 
obtained by sensing an image of a physical space on which a 
plurality of indices are located on a physical object; a storage 
unit which stores information of the plurality of indices; an 
index detection unit which detects at least one index from the 
sensed image; a first orientation estimation unit which esti 
mates an orientation of the detected index using the sensed 
image; an orientation information acquisition unit which 
acquires a measurement result of an orientation of at least one 
of an image sensing device used to sense the image and the 
physical object; a second orientation estimation unit which 
estimates the orientation of at least one index based on the 
orientation measurement result of at least one image sensing 
device and the physical object acquired by the orientation 
information acquisition unit, and information of the plurality 
of indices stored in the storage unit; and an index identifica 
tion unit which identifies to which indices stored in the stor 
age unit the detected index corresponds using at least the 
orientation of the index estimated by the first orientation 
estimation unit and the orientation estimated by the second 
orientation estimation unit. According to yet further aspect of 
the present invention, there is provided an index identification 
apparatus comprising: an image acquisition unit which 
acquires a sensed image obtained by sensing an image of a 
physical space on which a plurality of indices are located on 
a physical object; a storage unit which stores information of a 
plurality of indices; an index detection unit which detects at 
least one index from the sensed image; a first orientation 
estimation unit which estimates an orientation of the detected 
index using the sensed image; an orientation information 
acquisition unit which acquires a measurement result of the 
orientation of an image sensing device used to sense the 
image; a second orientation estimation unit which estimates 
the orientation of at least one index based on the orientation 
measurement result of the image sensing device acquired by 
the orientation information acquisition unit, and information 
of the plurality of indices stored in the storage unit; and an 
index identification unit which identifies to which indices 
stored in the storage unit the detected index corresponds using 
at least the orientation of the index estimated by the first 
orientation estimation unit and the orientation estimated by 
the second orientation estimation unit. 

With this arrangement, according to the present invention, 
since identification is made using orientation information of 
an index, the index can be identified with high precision. 
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Further features of the present invention will become 
apparent from the following description of exemplary 
embodiments with reference to the attached drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a block diagram showing an example of the 
arrangement of an index identification apparatus according to 
the first embodiment; 

FIG. 2 is a view illustrating a state in which indices used in 
the first embodiment are laid out on the floor and wall in 
physical space to be sensed, and are sensed by a camera of the 
index identification apparatus; 

FIG. 3 is a view showing an example of the relationship 
between the projected coordinates of indices onto the image 
plane, and indices in the sensed image: 

FIGS. 4A and 4B are flowcharts for explaining the process 
ing of the index identification apparatus according to the first 
embodiment; 

FIG.5 is a view for explaining misidentification of an index 
due to its erroneous detection; 

FIG. 6 is a view for explaining the configuration of an index 
and directionality detection processing according to the first 
embodiment; 

FIG. 7 is a view for explaining an identification technique 
of an index using the directionality; 

FIG. 8 is a block diagram showing an example of the 
arrangement of an index identification apparatus according to 
the second embodiment; 

FIG. 9 is a view illustrating the relationship between a 
camera 101, a camera position and orientation sensor 102, a 
physical object 901, and an object position and orientation 
sensor 801 according to the second embodiment; 

FIGS. 10A and 10B are flowcharts for explaining the pro 
cessing of the index identification apparatus according to the 
second embodiment; 

FIG. 11 is a block diagram showing an example of the 
arrangement of an index identification apparatus according to 
the first modification; 

FIG. 12 is a view illustrating the relationship between a 
camera 101, physical object 901, and object position and 
orientation sensor 801 according to the first modification; 

FIG. 13 is a block diagram showing an example of the 
arrangement of an index identification apparatus according to 
the second modification; 

FIG. 14 is a flowchart for explaining the processing of the 
index identification apparatus according to the second modi 
fication; 

FIG. 15 is a block diagram showing an example of the 
arrangement of an index identification apparatus according to 
the third modification; and 

FIG. 16 is a flowchart for explaining the processing of the 
index identification apparatus according to the third modifi 
cation. 

DESCRIPTION OF THE EMBODIMENTS 

Preferred embodiments of the present invention will now 
be described in detail in accordance with the accompanying 
drawings. 

First Embodiment 

FIG. 1 is a block diagram showing an example of the 
arrangement of an index identification apparatus according to 
this embodiment. 
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6 
An index to be identified by the index identification appa 

ratus according to this embodiment is an index whose orien 
tation on a reference coordinate system can be calculated 
from image information. This embodiment uses, as a pre 
ferred example of an index, the index described in prior art 2. 
That is, this embodiment uses an index which has a square 
outer shape, and in which a square (directionality specifying 
shape) with a largely different brightness from the remaining 
region is located at a position biased to one vertex inside the 
index like indices 201A and 201B shown in FIG. 2. In other 
words, this index is configured by the vertices of a square, and 
a directionality specifying shape (203A or 203B; to be 
referred to as a directionality specifying shape 203 hereinaf 
ter if it is indiscriminate) which uniquely specifies the upper, 
lower, right, and left directions. By registering the positional 
relationship of the directionality specifying shape 203 
together with the location position of an index, the orientation 
of the index on a camera coordinate system can be calculated 
from the coordinate information of that index on the image. 

In the index of this embodiment, as shown in FIG. 6, the 
directionality specifying shape 203 is located to have one of 
its vertices match a central point O of a square which forms 
the index outer shape, and to have a diagonal vertex b" at a 
position 2/3 the distance from the central point O to a specific 
vertex, i.e., a vertex b. With such location, if the area of an 
index that occupies the sensed image becomes Small, the 
interval between the index outer shape and directionality 
specifying shape outer shape is maintained, and the center of 
the directionality specifying shape can be seen as much as 
possible upon acquiring the brightness of an inner square as 
the directionality specifying shape. 
A camera 101 shown in FIG. 2 is a video camera which can 

sense an image from the physical space, and has, e.g., a CCD, 
CMOS sensor, or the like as an image sensing element. A 
three-dimensional (3D) position and orientation sensor 102 
using, e.g., a magnetic sensor or the like is fixed to the camera 
101. A camera position and orientation measurement unit 103 
measures the position and orientation of the camera 101 by 
driving and controlling the 3D position and orientation sensor 
102. 
An index information holding unit 106 pre-stores informa 

tion required to identify an index and to discriminate its 
directionality for each of the indices located in the physical 
space. More specifically, this information includes the loca 
tion position (e.g., the 3D absolute coordinates of the central 
point), the 3D absolute coordinates of the vertices, the size, 
and the location and orientation of each index. Also, as Such 
information, information for specifying the directionality of 
an index (e.g., the ID of a vertex of the index outer shape 
square closest to the directionality specifying shape), infor 
mation associated with the directionality specifying shape 
(information associated with a shape and color), and the like 
are examples of the pre-stored information. Note that the 
registration items listed above are merely examples, and 
information other than those described above may be addi 
tionally registered or fewer items may be registered depend 
ing on indices and index identification methods to be used. 
The camera position and orientation measurement unit 103 

supplies the position and orientation values of the camera 101 
obtained from the 3D position and orientation sensor 102 to 
an index coordinate projection calculation unit 107 and the 
index orientation calculation unit 109. The index coordinate 
projection calculation unit 107 calculates the projected posi 
tion of an index, which is likely to be sensed by the camera 
101, on the image plane of the camera 101 based on the 
position and orientation values of the camera 101 and the 3D 
coordinate information of the index recorded in the index 
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information holding unit 106. An index which is projected 
onto the image plane (to be also referred to as an image 
sensing plane hereinafter) will be referred to as a projected 
index hereinafter. 
An index detection unit 104 captures the sensed image of 5 

the camera 101, and detects an area which is likely to be an 
index (to be also referred to as a detected index hereinafter) 
from the image based on predetermined information Such as 
a color, shape, and the like associated with the index. An index 
orientation estimation unit 105 calculates an orientation Rcm 
of the index on a camera coordinate system having the view 
point position of the camera as an origin based on the coor 
dinates of the square vertices and directionality specifying 
shape of the detected index on the image, which are obtained 
by the index detection unit 104. The camera coordinate sys 
tem is a 3D orthogonal coordinate system which has the 
image sensing plane as X-y coordinates, and the visual axis as 
a vector in the negative direction of the Z-axis. Note that the 
position of the index in the camera coordinate system may be 
calculated simultaneously with calculation of its orientation. 
The index orientation calculation unit 109 transforms the 

orientation of the index in the reference coordinate system, 
which is recorded in the index information holding unit 106, 
into that in the camera coordinate system, based on the posi 
tion and orientation of the camera 101. 
An index identification unit 108 identifies the detected 

index based on: 
the projected position of the index obtained by the index 

coordinate projection calculation unit 107; 
the position of the detected index in the image obtained by 

the index detection unit 104; 
the orientation of the detected index obtained from the 

index orientation estimation unit 105; and 
the orientation of the index obtained by the index orienta 

tion calculation unit 109. 
Details of the index identification processing will be 

described later. 
In this embodiment, in order to attain stable identification 

of indices, the position of the detected index in the image is 
compared with the index position obtained by making a pro 
jection calculation so as to obtain a candidate for identifica 
tion. However, an identification may be made by a method 
other than that using the projected position obtained by the 
index coordinate projection calculation unit 107, and the 
position in the image obtained by the index detection unit 
104. For example, an index may be identified based on the 
orientation of the detected index obtained from the index 
orientation estimation unit 105 and that of the index obtained 
by the index orientation calculation unit 109 without using the 
information of the position of each index on the image sens 
ing plane. 

However, when the information of the index position on the 
image sensing plane is not used, identification is made based 
only on the orientation of the index in the camera coordinate 
system. For this reason, the minimum number of indices that 
can be located is limited up to 6 (six inclined surfaces) if the 
total of the orientation measurement precision of the sensor 
and the orientation estimation precision of the detected index 
is, e.g., less than tak5°. That is, normals to these six inclined 
surfaces must be located to make an angle of 90° with each 
other (i.e., the relative orientation relationship of respective 
surfaces of a cube). Note that the orientation measurement 
resolution required to distinguish indices becomes higher as 
the orientation measurement precision of the sensor and the 
orientation estimation precision of the detected index are 
higher, thus increasing the minimum number of indices to be 
located. 
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8 
FIG. 2 illustrates a state wherein the indices 201A and 

201B are located on the floor and wall in the physical space to 
be sensed, and are sensed by the camera 101 of the index 
identification apparatus. As described above, the index infor 
mation holding unit 106 records the information such as the 
sizes, locations, and the like of the indices 201A and 201B. 
The processing to be executed by the index identification 

apparatus with the above arrangement will be described 
below with reference to the flowcharts shown in FIGS. 4A and 
4B. 

In step S401, the camera position and orientation sensor 
102 measures the position and orientation of the camera 101 
and sends the measured camera position and orientation to the 
camera position and orientation measurement unit 103. In 
step S402, the camera position and orientation measurement 
unit 103 calculates the viewing transform, also called the 
viewing transformation, from the position and orientation 
results of the camera in the form of a 4x4 transformation 
matrix. Note that the term viewing transformation refers to 
the coordinate transformation between the camera coordinate 
system and a reference coordinate system when a coordinate 
system which is set by being fixed to the real world is used as 
the reference coordinate system. More specifically, the term 
viewing transformation refers to the stransformation from the 
coordinate value in a world coordinate system to that in the 
camera coordinate system. That is, by calculating the viewing 
transform, the transformation from the coordinate value in the 
reference coordinate system to that in the camera coordinate 
system can be easily calculated. 

In step S403, the index coordinate projection calculation 
unit 107 transforms the positions (coordinates) of the central 
point and vertices of each index in the reference coordinate 
system recorded in the index information holding unit 106 
into those in the camera coordinate system using the viewing 
transformation calculated in step S402. Furthermore, the unit 
107 calculates the estimated positions (projected coordinates) 
of the central point and vertices of the index of interest on the 
image sensing plane by making a perspective projection cal 
culation of the camera 101. Since the individual vertices are 
respectively recorded in distinction from each other, which of 
the vertices is projected can be specified even on a projection 
coordinate system obtained by projecting the individual ver 
tices onto the image sensing plane. Assume that the perspec 
tive projection transformation of the camera 101 is uniquely 
determined by the lens focal length and the principal point 
(projection center) position of the camera 101, and is calcu 
lated in advance. 

In step S404, the index orientation calculation unit 109 
transforms an orientation Rwm of each index in the reference 
coordinate system recorded in the index information holding 
unit 106 into the orientation Rcm in the camera coordinate 
system using the viewing transformation matrix. In this 
embodiment, assume that the location and orientation Rwm 
of an index recorded in the index information holding unit 
106 is expressed by a 3x3 matrix. This orientation matrix 
Rwim in the reference coordinate system is transformed into a 
4x4 matrix of homogeneous coordinates to have position 
components (0, 0, 0), and that matrix is then transformed into 
the orientation Rcm in the camera coordinate system using 
the viewing transformation matrix. 

Parallel to these processes in steps S401, S402, S403, and 
S404, those in steps S405 to S408 are executed. In step S405, 
the camera 101 senses an image of the physical space. In step 
S406, the index detection unit 104 detects an outer circum 
scribing square and calculates the vertices and central point of 
the square as one process for detecting indices from the 
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obtained sensed image. This process may use any method for 
achieving this goal. For example, the process may use the 
following method. 
The brightness of an index is set to be different from that of 

the background, and after binarization based on the bright 
ness, a contiguous region is calculated by labeling process 
ing. An outer circumscribing rectangle is detected by piece 
wise linear approximation of the label outer circumference of 
the contiguous region. The vertices of the rectangle obtained 
in this manner are calculated, and the central point is calcu 
lated by calculating the intersection of diagonal lines. 

Subsequently, as one process for detecting a square index 
with a directionality specifying shape, in step S407 the index 
detection unit 104 detects the directionality of an index using 
the information inside the detected outer circumscribing rect 
angle. For example, as shown in FIG. 6, points (a", b", c', d') 
that divide line segments, which connect the four vertices (a, 
b, c, d) of the outer circumscribing rectangle with a central 
point O, to 1:2 from the central point to the corresponding 
vertices are calculated. Furthermore, the brightness values of 
pixels in the images of these four points are compared to 
obtain a point having a largely different brightness value. The 
point (b' in FIG. 6) having a brightness value largely different 
from other three of the four points results from a square 
(directionality specifying shape) located at a biased position 
inside the index, and the directionality of the index detected 
from the image can be determined by this square. 

For example, when “the vertex ID closest to the direction 
ality specifying shape' is used as information required to 
specify the directionality, the ID of a vertex closest to the 
point having the largely different brightness value is speci 
fied. Let Abe the ID of the vertex closest to the directionality 
specifying shape, and let B, C, and D be other vertices in turn 
clockwise from A on the image. That is, the vertex IDs of the 
index outer shape Square are associated with the vertices (a,b, 
c., d) in FIG. 6. 

In step S408, a matrix Rcm' of the orientation of the index 
in the camera coordinate system is calculated from the two 
dimensional (2D) coordinate values of the vertices of the 
detected index on the image, and the directionality of the 
index (correspondence information of the vertices) obtained 
in step S407. A method of calculating the orientation in the 
camera coordinate system based on the 2D coordinate values 
of four points on a sensed plane is not particularly limited. For 
example, this embodiment uses a method described in Kato, 
Billinghurst, Asano, and Tachibana: Augmented Reality Sys 
tem and its Calibration based on Marker Tracking, Transac 
tions of the Virtual Reality Society of Japan Vol. 4, no. 4, pp. 
607-616, December 1999 (to be described below). 

That is, equations of a straight line that passes through A 
and B, and a straight line that passes through D and C, i.e., the 
straight lines of two opposing parallel sides from four vertices 
A, B, C, and D on the image are calculated. Then, an equation 
of two planes (camera coordinate system) including the two 
straight lines is obtained using these two straight lines and a 
perspective projection transformation matrix (calculated in 
advance) of the camera. An outer product (NXN) of 
normal vectors N and N of the two planes defines a 
directional vector U of the two parallel sides AB and DC in 
the camera coordinate system. 

The same processing applies to the other pair of two oppos 
ing parallel sides BC and DA, and an outer product (NX 
N.) of normal vectors of two planes defines a directional 
vector U of the two parallel sides DB and DA in the camera 
coordinate system. 

Since the directional vectors U and U of the two neigh 
boring sides of the index are obtained, the outer product 
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10 
direction of the two directional vectors is given by V. Vectors 
V and V, which make right angles and have equal change 
angles from U to V and from U to V2 in a plane having V 
as a vertical axis and including U and U2, are determined. At 
this time, VVVT defines the orientation Rcm' of the 
index in the camera coordinate system. 

In this way, in steps S401 to S404, the projected coordi 
nates obtained by projecting the vertices and central point of 
each index held by the index information holding unit 106 
onto the image plane, and the orientation Rcm in the camera 
coordinate system are calculated based on the measurement 
values of the camera position and orientation sensor 102. In 
steps S405 to S408, the coordinates of the vertices and central 
point of the square index detected from the image, and the 
orientation Rcm' of the detected index in the camera coordi 
nate system are calculated. 
The final processing of this embodiment is to identify each 

individual index when a plurality of indices, which cannot be 
distinguished based only on those detected from the sensed 
image, are still located in the physical space, as shown in FIG. 
3. For example, when two indices having the same direction 
ality are located on the wall and floor on the sensed image, as 
shown in FIG. 3, this embodiment can identify them. Indices 
201A and 201B shown in FIG.3 are those which are obtained 
by detecting indices located in the physical space from the 
sensed image. As shown in FIG. 3, these two indices 201A 
and 201B are located to have different orientations. 

At this time, assume that the coordinates of the indices 
201A and 201B, which may be included in the visual field of 
the camera 101, are projected onto the image plane of the 
camera 101, and are calculated to indicate positions 202A and 
202B shown in FIG. 3 in step S403. In this case, in order to 
identify indices by the method of prior art 2, misidentification 
occurs, as has been described in the paragraphs of Description 
of the Related Art. That is, the indices 201B and 202A, whose 
central points are close to each other, and which have the same 
directionality are misidentified as corresponding indices. 
The steps to solve this problem and to correctly identify 

indices having different orientations are steps S409 and S410 
to be described below. 

In step S409, a candidate list of detected indices, which are 
likely to correspond to projected indices obtained in step 
S403, is generated based on the distances between the central 
points of the projected indices obtained in step S403 and those 
of the indices detected in step S406. This list is a linear list of 
indices in ascending order of central point distance. 

In step S410, the candidate list of the detected indices, 
which are likely to correspond to the projected indices 
obtained in step S403, is searched sequentially starting with 
the first candidate. Then, Rcm obtained in step S404 and Rcm' 
obtained in step S408 are compared to find indices having 
similar orientations. Upon discriminating the orientation 
proximity, a rotating matrix used to transform from Rcm to 
Rcm' is calculated and is further transformed into the rotation 
axes and rotation angles, and if the difference between the 
magnitudes of the rotation angles is equal to or lower than a 
threshold, it is determined that the proximity is high. Alter 
natively, Rcm and Rcm' may be transformed into quaternion 
expressions, and if the distance between points on a four 
dimensional spherical plane is equal to or lower thana thresh 
old, it may be determined that the proximity is high. Alterna 
tively, if the distance between singular value vectors obtained 
by applying singular value decomposition to Rcm and Rcm' is 
equal to or lower than a threshold, it may be determined that 
the proximity is high, or whether or not Rcm-Rcm'' is close 
to a unit matrix may be evaluated. 
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The first detected index whose proximity determination 
result with the projected index exceeds the threshold is deter 
mined as a corresponding index. 
The processes in steps S409 and S410 will be explained 

below taking the case of FIGS. 2 and 3 as an example. The 
process in step S409 lists the detected indices 201A and 201B 
having a close central point distance as detected index candi 
dates which are likely to correspond to the projected index 
202A. Since the detected index 201B has a smaller central 
point distance with the projected index 202A than the 
detected index 201A, the detected index 201B is higher in 
rank than the detected index 201A in the list. Using the list, in 
step S410 the proximity between the orientations of the pro 
jected index 202A and the detected index 201B is checked 
first, and that between the orientations of the projected index 
202A and the detected index 201A is then checked. 

As shown in FIG. 2, since the difference between the ori 
entations of the detected index 201B and projected index 
202A is large, it is determined that they do not correspond to 
each other, but the detected index 201A and projected index 
202A whose orientations nearly match are associated with 
each other. At the same time, since the orientation of the 
erroneously detected index 201B does not match that of the 
projected index 202A, the probability of misidentification of 
the erroneously detected index is reduced. 

Note that the two processes in steps S409 and S410 area 
method of generating a list of the detected indices which may 
correspond to each projected index with reference to that 
projected index, and associating the corresponding detected 
index with the projected index. However, instead, a method of 
generating a list of projected indices which may correspond 
to each detected index with reference to that detected index 
may be used. The present invention is not limited to the 
method of generating the candidate list simply based on the 
distances between the indices. Other methods may be adopted 
as long as a candidate list is generated by methods based on 
the coordinates of indices on the image plane. Furthermore, in 
place of the processing sequence for generating the candidate 
list based on the distances on the image plane first, and then 
associating indices from the list based on the directionalities 
of the indices, indices whose directionalities match may be 
listed up first, and indices in the list may be associated with 
each other based on their distance on the image plane. 
The orientations of indices in the camera coordinate sys 

tem are calculated in steps S.404 and S408, and are compared 
with each other in step S410. However, the orientations of the 
indices in the camera coordinate system need not always be 
calculated, as long as the method can compare the orientation 
of an index to be projected and the detected orientation. For 
example, orientations Rmc of the camera on an index coor 
dinate system may be calculated with reference to each index 
calculated with reference to the index coordinate system in 
steps S.404 and S408, and may be compared with each other. 
The index coordinate system is, for example, an orthogonal 
coordinate system, which has the vertex b in FIG. 6 as an 
origin, a vector beas an X-axis, a normal direction as a Y-axis, 
and a vector ba as a Z-axis. In this case, a target orientation 
Rmc is obtained by calculating Rcm'. Note that Rcm 
represents an inverse matrix of the index orientation Rcm in 
the camera coordinate system. In step S408, an inverse matrix 
Rcm'' of Rcm' is calculated. 
A camera orientation Rwc in the reference coordinate sys 

tem may be used as a criterion of comparison. In this case, a 
camera orientation calculated based on the sensor measure 
ment value is used. In step S408, Rwc is calculated by 
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12 
Rwm-Rcm''. Note that Wrm is the index orientation in the 
reference coordinate system, which is recorded in the index 
information holding unit 106. 

In this way, upon identifying the index by comparing the 
orientations, which of the orientations in which of the coor 
dinate systems is to be used as a reference is not particularly 
limited, and comparable orientations in a common coordinate 
system may be used. 
As described above, according to this embodiment, since 

an index is identified using the orientation of the index in the 
physical space, even when a plurality of identical indices are 
located, each individual index can be identified. Indices can 
be identified even if they have different inclinations on the 
surfaces where they are located, since they can be identified 
based on their orientation differences even if they have an 
identical directionality, thus greatly relaxing limitations on 
the location. 

That is, with the method of distinguishing the directionali 
ties on the sensed image in the method of prior art 2, if the 
total of the orientation measurement precision of the position 
and orientation sensor and the orientation estimation preci 
sion of the detected index is, e.g., less than ta-5, only four 
different types of indices are located on a region where these 
indices may be sensed at the same time. That is, these four 
types include those of the upper, lower, right, and left direc 
tions (i.e., four directions obtained when indices are located 
to be rotated every 90° to have the normal to the index as an 
axis). However, the index identification apparatus according 
to this embodiment can locate at least 24 different types (4 
directions x 6 inclined surfaces) of indices. 

For example, when one index is located on each surface of 
a cube, if the orientation measurement precision is as high as 
the total of the measurement precision of the sensor and the 
estimation precision of the detected index, which is less than 
+45, the respective indices on the surfaces can be distin 
guished from each other. When the directionalities of indices 
which appear on the sensed image are used, 90° rotations 
(four directions) can be distinguished from each other to have 
the normal to an index on each surface. That is, three different 
types of indices can be added in addition to the index which is 
located first on each Surface, and a total of 24 indices, i.e., four 
indicesx6 Surfaces, can be distinguished from each other. 

Also, according to this embodiment, as has been described 
in the paragraphs of Description of the Related Art, when 
detection errors shown in FIG. 5 occur, if the printed matter 
601 and target index 202A have different orientations, they 
are not misidentified. 

Second Embodiment 

The first embodiment has assumed a case wherein indices 
fixed on in physical space are sensed while the 3D position 
and orientation sensor is located on the camera and the cam 
era 101 is movable. However, the present invention can be 
Suitably applied to a case wherein a physical object on which 
the 3D position and orientation sensor and indices are located 
moves as well as the camera. Note that a 3D position and 
orientation sensor attached to a physical object will be 
referred to as an object position and orientation sensor here 
inafter. Also, assume that indices used in this embodiment are 
the same as those used in the first embodiment. 

FIG. 9 illustrates the relationship among the camera 101, 
the camera position and orientation sensor 102, a physical 
object 901, and an object position and orientation sensor 801 
in this embodiment. FIG. 8 is a block diagram showing an 
example of the arrangement of an index identification appa 
ratus according to this embodiment. 
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In this embodiment, the object position and orientation 
sensor 801 and an object position and orientation measure 
ment unit 802 are added to the arrangement of the first 
embodiment shown in the block diagram of FIG.1. Also, the 
index information holding unit 106 records the positions and 
orientations of indices in a coordinate system which has the 
physical object 901 as a reference (to be referred to as an 
object coordinate system hereinafter) in place of those of the 
indices in the reference coordinate system. 

Also, a process for transforming the positions and orienta 
tions of the indices 201A and 201B defined in the object 
coordinate system into those in the reference coordinate sys 
tem is added to: 

the process for making a projection calculation of the coor 
dinates of the central point and vertices of each indices, which 
process is executed by the index coordinate projection calcu 
lation unit 107; and 

the process for calculating the orientation of each index in 
the camera coordinate system, which process is executed by 
the index orientation calculation unit 109. 

FIGS. 10A and 10B are flowcharts showing the operation 
of the index identification apparatus of this embodiment. 

This embodiment must identify the indices 201A and 201B 
located on the moving physical object 901 using their orien 
tations in the camera coordinate system. For this purpose, the 
processes in steps S1001 and S1002 are added to the flow 
charts of the first embodiment, and steps S1003 and S1004 
replace steps S403 and S404. 

In step S1001, the object position and orientation sensor 
801 measures the position and orientation of the physical 
object 901, and sends them to the object position and orien 
tation measurement unit 802. 

In step S1002, the object position and orientation measure 
ment unit 802 computes the modeling transform in the form 
of a 4x4 transformation matrix based on the position and 
orientation of the physical object 901 measured in step 
S1001. The term modeling transformation refers to the coor 
dinate transformation between the reference coordinate sys 
tem and object coordinate system, i.e., the transformation for 
transforming a point in the object coordinate system into that 
in the reference coordinate system. 

In step S1003, the index coordinate projection calculation 
unit 107 transforms the positions (coordinates) of the central 
points and Vertices of respective indices on the object coor 
dinate system, which are recorded in the index information 
holding unit 106 into those in the reference coordinate system 
using the modeling transformation obtained in step S1002. 
Furthermore, the index coordinate projection calculation unit 
107 transforms these positions into those in the camera coor 
dinate system using the viewing transformation obtained in 
step S402, and calculates estimated positions (projected coor 
dinates) of these positions on the image sensing plane by 
making the perspective projection transformation calculation 
of the camera 101. 

In step S1004, the index orientation calculation unit 109 
transforms an orientation Rom of each index in the object 
coordinate system, which is recorded in the index information 
holding unit 106, into an orientation Rwm (=Rwo Rom) of 
the index in the reference coordinate system using the mod 
eling transformation obtained in step S1002. Furthermore, 
the index orientation calculation unit 109 calculates an ori 
entation Rcm of each index in the camera coordinate system 
using the viewing transformation obtained in step S402. Note 
that Rwo indicates the orientation component of the physical 
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object. That is, let Rwc be the orientation component of the 
camera. Then, Rcm is given by: 

(1) 

Since other steps in FIGS. 10A and 10B are processed in 
the same manner as in the first embodiment, indices can be 
identified using the orientations. 
As described above, according to this embodiment, even 

when the physical object on which the 3D position and ori 
entation sensor and indices are located moves, the indices can 
be stably and precisely detected as in the first embodiment. 

<First Modification> 
In the first embodiment, the camera is movable, and the 

object is fixed, and in the second embodiment, the camera and 
object are movable. Alternatively, the present invention can 
be applied to an environment in which the camera is fixed to 
the physical space, and the object is movable. 

FIG. 12 shows the relationship among the camera 101, 
physical object 901, and physical position and orientation 
sensor 801 in this modification. FIG. 11 is a block diagram 
showing an example of the arrangement of the index identi 
fication apparatus according to this modification. The 
arrangement of this modification is Substantially the same as 
that of the second embodiment shown in FIG. 8, except that 
the camera position and orientation sensor 102 and camera 
position and orientation measurement unit 103 are omitted. 

In this modification, in the processing for measuring the 
camera position and orientation in step S401 in FIG. 10A that 
shows the flowchart of the processing in the second embodi 
ment, the fixed camera position and orientation values, which 
are separately recorded in advance, are output instead. Other 
steps can be carried out in the same manner as in the second 
embodiment. 
<Second Modification> 
In the second embodiment, the 3D position and orientation 

sensors are respectively attached to the camera and physical 
object to measure their positions and orientations. However, 
the present invention is not limited to the use of the 3D 
position and orientation sensors to identify indices, but a 
measuring instrument that measures the orientation in the 
reference coordinate system can be applied. For example, 
orientation sensors each of which comprises a gyro sensor 
and the like may be attached to the camera and physical object 
to measure their orientations, thus identifying indices. 

FIG. 13 is a block diagram showing an example of the 
arrangement of the index identification apparatus of this 
modification. The example of the arrangement of this modi 
fication is substantially the same as that of the second embodi 
ment, except that components 1301, 1302, 1303, and 1304 
required to measure the orientations replace the components 
102, 103,801, and 802 required to measure the positions and 
orientations, and the index coordinate projection calculation 
unit 107 is omitted. 
An object orientation sensor 1301 and a camera orientation 

sensor 1303 are orientation measuring instruments used to 
measure the orientations of objects to be measured. This 
modification uses a gyro sensor-based sensor unit, e.g., Iner 
tiaCube2 available from InterSense, Inc. U.S.A. The orienta 
tion measurement values of these gyro sensors are respec 
tively output to an object orientation measurement unit 1302 
and a camera orientation measurement unit 1304. 
The object orientation measurement unit 1302 supplies the 

orientation of the object in the reference coordinate system, 
which is measured by the object orientation sensor 1301, to 
the index orientation calculation unit 109. 
The camera orientation measurement unit 1304 supplies 

the orientation of the camera in the reference coordinate 
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system, which is measured by the camera orientation sensor 
1303, to the index orientation calculation unit 109. 

FIG. 14 is a flowchart showing details of the processing of 
the index identification apparatus according to this modifica 
tion. In FIG. 14, since the processing for calculating the 
orientation Rcm' of each index from the sensed image is 
common to that in the first or second embodiment, it is 
denoted by the same step numbers. 

In step S1401, the camera orientation sensor 1303 mea 
Sures a camera orientation Rwc in the reference coordinate 
system, and sends the measurement result to the camera ori 
entation measurement unit 1304. 

In step S1402, the object orientation sensor 1301 measures 
an orientation Rwo of the physical object in the reference 
coordinate system, and sends the measurement result to the 
object orientation measurement unit 1302. 

In step S1403, the index orientation calculation unit 109 
calculates the orientation Rcm of each index in the camera 
coordinate system by: 

Rcm=Rwc' Rwo-Rom (2) 

where Rwc and Rwo are the orientations of the camera and 
object in the reference coordinate system, which are mea 
sured in steps S1401 and S1402, respectively, and Rom is the 
orientation of each index defined in the object coordinate 
system, which is recorded in the index information holding 
unit 106. 
On the other hand, in steps S405 to S408, the orientation 

Rcm' of each detected index in the camera coordinate system 
is calculated from the image sensed by the camera 101 as 
described in the first embodiment. 

In step S1404, a detected index candidate list stores all the 
detected indices detected from the image by the processing in 
steps S405 to S408 in the order they are detected. Further 
more, the index identification unit 108 checks the proximity 
between the orientation Rcm of each index in the camera 
coordinate system, which is held by the index information 
holding unit 106 and the orientation of each detected index 
(obtained in step S408) in the detected index candidate list, 
thus associating them with each other. 

However, this modification does not rank the detected indi 
ces in the detected index candidate list. For this reason, the 
proximity checking processing checks the proximities with 
all the indices in the candidate listand identifies an index with 
the highest proximity as a corresponding index in place of 
searching indices sequentially from the first one, and associ 
ating an index which falls within a threshold range first. The 
proximity checking processing at this time may calculate the 
absolute value of the difference between, e.g., a matrix for 
mula Rcm-Rcm'' and 1, and may use its reciprocal number 
as the proximity. Alternatively, the processing may calculate 
a rotating matrix that transforms from Rcm to Rcm', may 
further transform the matrix into a rotation axis and rotation 
angle, and may determine the reciprocal number of the mag 
nitude of the rotation angle as the proximity. 

Other steps can be carried out in the same manner as in the 
second embodiment. 

Since an orientation sensor such as InertiaCube2 or the like 
has drift errors accumulated along with an elapse of time, the 
orientation measurement value to be output may often indi 
cate an orientation having errors and which is different from 
the true orientation. In order to cope with misidentification of 
an index due to errors, the azimuths as rotations about the 
barycentric directions of Rcm and Rcm' as axes may be 
ignored, and the orientations of the angles of inclination 
(rotations about two axes) may be compared in step S1404 in 
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FIG. 14. In order to compare the orientations in the inclination 
directions, only an inclination component is acquired from at 
least one of the orientation values output from the object 
orientation sensor 1301 and camera orientation sensor 1303 
in step S1401 or S1402. Then, an azimuth component is 
overwritten with a prescribed value (e.g., 0° or the like) to 
transform into a matrix that represents an orientation. Also, 
the orientation Rcm' of each index which is obtained from the 
sensed image in steps S405 to S408 is segmented into the 
azimuth and angle of inclination, and the azimuth is overwrit 
ten with the same prescribed value to transform into a matrix 
that represents an orientation. As a result, identification can 
be attained based only on the angles of inclination of the two 
orientations to be compared. 

In addition to the method of ignoring the azimuth by over 
writing it with the prescribed value, a method of correcting 
the azimuth based on an index in the previous frame of the 
sensed image, and using a current azimuth predicted from that 
correction value may be used. 

<Third Modification> 

In the above embodiments and modifications, a directional 
square index is identified, as described in prior art 2. How 
ever, the present invention is not limited to identification of 
Such a specific index. The present invention can identify an 
arbitrary index which has a shape having at least one plane, 
also has information indicating its directionality, and allows 
calculation of its orientation from an image obtained by sens 
ing that index. Note that the shape having one plane is a shape 
having three or more vertices on one plane or a combination 
of Such shapes in case of an index characterized by the verti 
ces of a figure as a feature in an image. 

For example, as described in the above Rekimoto's refer 
ence, an index having an ID code in a square may be used. 
This index holds a 2D barcode' (to be simply referred to as 
a code hereinafter) based on a 5x5 black and white rectangu 
lar matrix in a code area inside the index. Therefore, 2 
different types of indices are theoretically identifiable. How 
ever, when the index appears with a small size in the sensed 
image, the code may be misidentified or not identifiable at all. 
To solve such a problem, the number of divisions of the code 
area in the square shape may be reduced to 3x3 or the like. 
However, when the number of divisions of the code area is 
reduced, the number of identifiable indices is reduced, thus 
posing another problem. 
Upon applying the index identification apparatus accord 

ing to this modification, not only identification from the code 
but also that based on the orientation difference can be imple 
mented. Hence, if indices are located to have different orien 
tations, those which have an identical code can be used in a 
region where these indices are sensed at the same time. For 
this reason, even when the number of divisions of the code 
area is reduced, the number of types of identifiable indices 
can be increased compared to the prior art. For example, if the 
total of the orientation measurement precision of the orienta 
tion sensor and the orientation estimation precision of the 
detected index is less than ta-5, since indices having an 
identical code can be located on four directions X six inclined 
surfaces, the number of identifiable indices can be increased 
to 24. For this reason, the problem of reduction in the number 
of identifiable indices, which is posed when the number of 
divisions of the code area is reduced, can be solved. 

FIG. 15 is a block diagram showing an example of the 
arrangement of the index identification apparatus according 
to this modification. The same reference numerals in FIG. 15 
denote the components common to those in the aforemen 
tioned embodiments. 
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An index orientation estimation unit 1501 estimates an 
orientation Rcm' of each detected index in the camera coor 
dinate system based on the vertex coordinates of the detected 
index detected from the sensed image and the identification 
result of a code inside the index. 

A camera orientation input unit 1502 receives the orienta 
tion of the camera 101 by an arbitrary method, and outputs it 
to the index orientation calculation unit 109. More specifi 
cally, the camera orientation in the reference coordinate sys 
tem, which is obtained using an index identified in the previ 
ous frame of the sensed image, may be used, or a special index 
which can be solely identified (e.g., a reference index having 
a unique code, which is different from other indices among a 
plurality of indices, or the like) may be sensed by the camera 
101, and the camera orientation obtained by identifying the 
reference index may be input. 
The index information holding unit 106 records the codes 

of individual indices in addition to the index information 
described in the first embodiment. 
An index identification unit 1503 reads out code informa 

tion inside each detected index detected from the image, and 
identifies the index using the orientation of the index obtained 
by the index orientation calculation unit 109 and that of the 
detected index obtained by the index orientation estimation 
unit 1501. 

The processing of the index identification apparatus of this 
modification will be described below using the flowchart 
shown in FIG. 16. 

In step S1601, the camera orientation input unit 1502 out 
puts the camera orientation Rwc in the reference coordinate 
system to the index orientation calculation unit 109. 

In step S1602, the index orientation calculation unit 109 
transforms the orientation Rwm of eachindex in the reference 
coordinate system, which is stored in the index information 
holding unit 106, into the orientation Rcm in the camera 
coordinate system, based on the camera orientation Rwc out 
put in step S1601. 

In steps S405 and S.406, an index is detected from the 
sensed image, and the coordinates of its vertices and central 
point are calculated as in the first embodiment. 

In step S1603, the index identification unit 1503 applies a 
transformation that projects the coordinates of the four verti 
ces of the index obtained in step S406 to those of a square to 
the detected index, and reads out and identifies a code from 
the obtained image. 

In step S1604, the index orientation estimation unit 1501 
estimates a normal to each index in the camera coordinate 
system using the constrained condition that four sides which 
couple the coordinates of the four vertices obtained in step 
S406 form a square in the reference coordinate system. Fur 
thermore, the index orientation estimation unit 1501 calcu 
lates the orientation Rcm' of the detected index in the camera 
coordinate system using the relationship among this normal, 
the directional vectors of the four sides of the index in the 
camera coordinate system, and the directional vectors of 
diagonal lines (refer to Junichi Rekimoto, “Matrix: A Real 
time Object Identification and Registration Method for Aug 
mented Reality”. Proc. of Asia Pacific Computer Human 
Interaction (APCHI '98), 1998 for a more detailed processing 
method). 

In step S1605, the index identification unit 1503 generates 
a detected index candidate list of respective indices by listing 
detected indices having identical codes identified in step 
S1603 to the respective indices which are transformed into 
the orientations Rcm in the camera coordinate system in step 
S1602. 
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In step S1606, the index identification unit 1503 searches 

the detected index candidate list generated in step S1605 in 
turn from the first index, and finds the orientation Rcm' of the 
detected index which has the highest proximity with the ori 
entation Rcm of the index of interest, thus identifying the 
index. Alternatively, the index identification unit 1503 deter 
mines an index which has an identical code but a low proX 
imity as an index which may be misidentified. 

In place of calculating the orientations of all the indices in 
the camera coordinate system, which are stored in the index 
information holding unit 106 in the processing in step S1602, 
the orientations may be calculated only for indices having the 
codes identified in step S1603, thus reducing the processing 
load. 

<Fourth Modification> 
The first and second embodiments identify an index using 

the orientation of an index having a directionality. However, 
an index having no directionality may be used as long as its 
vector, such as a normal vector or the like, which indicates the 
inclination of the index, can be calculated. 

For example, a case will be described below wherein the 
first embodiment adopts a square index having no direction 
ality specifying shape. The first embodiment uses a square 
index having a directionality for the purpose of calculating a 
3x3 orientation matrix. Alternatively, an index can be identi 
fied using a vector (e.g., a normal vector) indicating the incli 
nation of the index, which is smallerby one degree of freedom 
than the orientation matrix. For example, the first embodi 
ment can identify an index by the following processing. 
The index information holding unit 106 records the normal 

vector (a vector indicated on the index of FIG. 2) of each 
individual index in place of or in addition to the 3x3 orienta 
tion matrix of each individual index. 

In step S404 in FIG. 4A, the normal vector in the index 
information holding unit 106 is converted into that in the 
camera coordinate system. Furthermore, the processing in 
step S407 is omitted, and in step S408 the normal to an index 
in the camera coordinate system is calculated from the coor 
dinates of the four vertices of the detected index obtained in 
step S406. This normal uses V calculated in the process of 
the method described in step S408 of the first embodiment. 
Furthermore, upon comparing the inclinations of the normal 
vector of the projected index obtained in step S403 and the 
normal V of the normal vector detected index in step S406 in 
step S410, the detected index which minimizes the inner 
product value of these two normals is identified as a corre 
sponding index. 

In this manner, by slightly modifying the first embodiment, 
an index can be identified based on the vector indicating the 
inclination of the index. 

Other Embodiments 

The aforementioned embodiments and modifications have 
explained the index identification apparatus including the 
camera and the 3D orientation sensor or 3D position and 
orientation sensor for the sake of understandability. However, 
these components are not indispensable to the index identifi 
cation apparatus. That is, an arrangement which performs 3D 
position and orientation measurement of at least one of the 
camera and physical object, and image sensing using another 
apparatus, and receives the measurement result and sensed 
image from the other apparatus may be adopted. In place of 
real-time processing, identification processing can be made 
using the recorded 3D position measurement result and 
sensed image. 
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Note that the present invention includes a case wherein the 
equivalent functions are achieved by executing a software 
program that implements the functions of the aforementioned 
embodiments by a system including a computer or a com 
puter of an apparatus. The program is Supplied, to the system 
including the computer or the computer, directly from a 
recording medium or using wired/wireless communications. 

Therefore, the program code itself supplied to and installed 
in the computer to implement the functional processing of the 
present invention using the computer implements the present 
invention. That is, the present invention includes the com 
puter program itself for implementing the functional process 
ing of the present invention. 

In this case, the form of the program is not particularly 
limited, and an object code, a program to be executed by an 
interpreter, script data to be supplied to an OS, and the like 
may be used as along as they have the program function. 
As the recording medium for Supplying the program, for 

example, magnetic recording media Such as a flexible disk, 
hard disk, magnetic tape, and the like may be used. Also, 
optical/magneto-optical storage media Such as an MO, CD 
ROM, CD-R, CD-RW, DVD-ROM, DVD-R, DVD-RW, and 
the like, a nonvolatile semiconductor memory, and so forth 
may be used. 
As a program Supply method using the wired/wireless 

communications, the following method may be used. That is, 
a server on a computer network may store a data file (program 
data file) that can be a computer program which forms the 
present invention on a client computer. Then, the program 
data file is downloaded to a client computer that establishes 
connection to the server. In this case, the program data file 
may be segmented into a plurality of segment files, which 
may be allocated on different servers. As the program data 
file, the computer program itself that forms the present inven 
tion, a compressed file including an automatic installation 
function, or the like may be used. 

That is, the present invention includes a server apparatus 
which allows a plurality of users to download the program 
data file for implementing the functional processing of the 
present invention on a computer. 

Also, the program may be supplied as follows. That is, a 
storage medium such as a CD-ROM or the like, which stores 
the encrypted program of the present invention, may be deliv 
ered to the user, and the user who has met a predetermined 
condition may be allowed to download key information that is 
used to decrypt the encrypted program via the Internet. In this 
case, the encrypted program may be executed using that key 
information to be installed on a computer, thus implementing 
the present invention. 

The functions of the aforementioned embodiments may be 
implemented not only by executing the readout program code 
by the computer but also using other programs. For example, 
the functions of the aforementioned embodiments can be 
implemented when an OS or the like running on the computer 
executes some or all of actual processing operations on the 
basis of an instruction of that program. 

Furthermore, the functions of the aforementioned embodi 
ments may be implemented by executing the program read 
out from the recording medium by a function extension board 
or a function extension unit, which is inserted into or con 
nected to the computer. More specifically, a memory and CPU 
of the function extension board or function extension unit 
execute the program to assume some or all of actual pro 
CCSSCS. 

While the present invention has been described with refer 
ence to exemplary embodiments, it is to be understood that 
the invention is not limited to the disclosed exemplary 
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20 
embodiments. The scope of the following claims is to be 
accorded the broadest interpretation so as to encompass all 
Such modifications and equivalent structures and functions. 

This application claims the benefit of Japanese Patent 
Application No. 2005-362370, filed on Dec. 15, 2005, which 
is hereby incorporated by reference herein in its entirety. 
What is claimed is: 
1. An index identification method comprising: 
an image acquisition step, performed by an image acqui 

sition unit, of acquiring a sensed image obtained by 
sensing an image of physical space in which a plurality 
of indices are located on a physical object; 

an index detection step, performed by an index detection 
unit, of detecting at least one index from the sensed 
image; 

a first orientation estimation step, performed by a first 
orientation estimation unit, of estimating an orientation 
of the detected index using the sensed image; 

an orientation information acquisition step, performed by 
an orientation information acquisition unit, of acquiring 
a measurement result of measuring an orientation of at 
least one of an image sensing device used to sense the 
image and the physical object; 

a second orientation estimation step, performed by a sec 
ond orientation estimation unit, of estimating an orien 
tation of at least one index based on the orientation 
measurement result of measuring the orientation of at 
least one of the image sensing device and the physical 
object acquired in the orientation information acquisi 
tion step, and information on the plurality of indices 
stored in a storage device; and 

an index identification step, performed by an index identi 
fication unit, of identifying to which of the indices stored 
in the storage device the detected index corresponds 
using at least the orientation of the detected at least one 
index estimated in the first orientation estimation step 
and the orientation estimated in the second orientation 
estimation step. 

2. The method according to claim 1, further comprising a 
position information acquisition step of acquiring a measure 
ment result of measurement of a position of the image sensing 
device, and 

wherein the second orientation estimation step includes a 
step of calculating coordinates of an index projected into 
the sensed image based on the measurement results of 
the position and the orientation of the image sensing 
device, and the information on the plurality of indices 
stored in the storage device, and estimating the orienta 
tion for the index detected in the index detection step 
whose distance from the projected coordinates is not 
more than a predetermined value. 

3. The method according to claim 1, wherein the index 
identification step includes a step of making the identification 
based on the proximity between the orientation estimated in 
the first orientation estimation step and the orientation esti 
mated in the second orientation estimation step. 

4. The method according to claim3, wherein the proximity 
is calculated based on the magnitude of a rotation angle upon 
expressing a relationship between the orientation estimated in 
the first orientation estimation step and the orientation esti 
mated in the second orientation estimation step as a combi 
nation of a rotation axis and the rotation angle. 

5. The method according to claim 1, wherein the orienta 
tion information acquisition step includes a step of acquiring 
the measurement result from an orientation measurement 
device that measures the orientation using an orientation sen 
SO. 
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6. The method according to claim 1, wherein the index an orientation information acquisition unit which acquires 
identification step includes a step of identifying the index by a measurement result of measuring an orientation of at 
comparing an angle of inclination obtained by excluding an least one of an image sensing device used to sense the 
azimuth from the orientation estimated in the second orien- image and the physical object; 
tation estimation step with an angle of inclination obtained by 5 
excluding an azimuth from the orientation estimated in the 
first orientation estimation step. 

7. A computer-readable recording medium storing a com 
puter program for causing a computer execute an index iden 
tification method according to claim 1. 10 

8. An index identification apparatus comprising: 
an image acquisition unit which acquires a sensed image 

obtained by sensing an image of physical space in which 

a second orientation estimation unit which estimates the 
orientation of at least one index based on the orientation 
measurement result of measuring the orientation of the 
at least one of the image sensing device and the physical 
object acquired by said orientation information acquisi 
tion unit, and information of the plurality of indices 
stored in said storage unit; and 

an index identification unit which identifies to which indi 
a plurality of indices are located on a physical object; ces stored in said storage unit the detected index corre 

a storage unit which stores information of the plurality of 15 sponds using at least the orientation of the detected index 
indices; estimated by said first orientation estimation unit and the 

an index detection unit which detects at least one index orientation estimated by said second orientation estima 
from the sensed image: tion unit. 

a first orientation estimation unit which estimates an ori 
entation of the detected index using the sensed image: k . . . . 


